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ABSTRACT 

EVANS, L. S. amd D. M. Bozzone. 1977. Effects of solutions 
to simulate acidic precipitation on fertilization of the 
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Experiments were performed to determine the effects of chloride, 
nitrate, and sulfate in buffered solutions on sperm motility and 
fertilization in gametophytes of Pteridiwn aquiZinwn. Buffered solu
tions with various anions simulated exposures to acidic precipitation 
up to 3.5 hr. The presence of each anion decreased both sperm motility 
and fertilization. Addition of 43.3 vM sulfate (equivalent to the 
sulfate concentration in rain of northeastern United States) decreased 
sperm motility about 60% compared with plants exposed to buffers with
o~t sulfate. Additions of 86.6 ~M and 173.2 ~M sulfate gave values 
approximately 45% and 36% of values of plants unexposed to sulfate. 
The reduction in sperm motility during sulfate exposure was independent 
of buffer pH. Additions of chloride and nitrate at pH 4.8 gave sperm 
motility values similar to buffers with sulfate. However, at pH 5.8, 
chloride ions were less harmful than nitrate or sulfate. Additions of 
anions had a detrimental effect upon fertilization or production of 
sporophyte plants. In all experiments the presence of chloride and 
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nitrate alone or in combination with sulfate gave reductions in fertil
ization similar to that of sulfate alone at equivalent concentrations. 
The presence of these three anions exhibited additive effects with or 
without low pH to reduce both sperm motility and fertilization in game
tophytes of Pteridium aquilinum. 

INTRODUCTION 

Acidic precipitation has become an important environmental problem 
in Northern Europe and Eastern North America the past decade that influ
ences both forest and freshwater environments (Jensen and Snekvik, 1972; 
Likens, Bormann, and Johnson, 1972). Presently, this acidification has 
been attributed to the conversion of the oxides of sulfur and nitrogen 
to their strong acids in_ the upper atmosphere (Brasset, 1973; Nord~, 
1976). 

To evaluate the impact of an environmental stress on an organism, 
it is necessary to determine the sensitivity of all stages of the life 
cycle of an organism. Potential sensitive periods should be researched 
in order to assay the ability of a species to survive and adapt to an 
environmental stress. 

Ferns undergo an alternation of generations, i.e., the gametophytic 
and sporophytic generations. Haploid spores are produced on sporophyte 
plants. Under suitable conditions airborne spores germinate to form 
haploid gametophytic plants. Archegonia and antheridia are produced 
eventually on mature gametophytes. Under favorable conditions, motile 
sperm with flagellae are release·d. For fertilization to occur, motile 
sperm must reach mature archegonia promptly. However, since antheridia 
are separated spatially from archegonia by at·least several millimeters, 
a layer:of water must be present to facilitate fertilization. Thus the 
reproductive cycle in many ferns is dependent upon ample moisture at 
least during one period of development. 

It should be noted that ferns also propagate via rhizomes. However, 
vegetative propagation does not produce genetic recombinants needed for 
adaptation to environmental stresses. 

Because (a) sexual and vegetative development events in fern game
tophytes are separated both spatially and temporally, and (b) fertil
ization is dependent upon free water on the surface of gametophytes, 
experiments were performed to determine the (a) response of these 
developmental events to acidic solutions in the presence and absence of 
sulfate, (b) the effectiveness of multiple inoculations on·fer.tilization 
of gametophytes, (c) effect of various concentrations of sulfate, 
nitrate and chloride on sperm motility at various pH levels, (d) effect 
of various concentrations of sulfate, nitrate and chloride on fertil
ization of gametophytes at various pH levels, and (e) effects of various 
concentrations of sulfate, nitrate and chloride anions in combinations 
on fertilization of gametophytes of Pteridium aquiZinum. 
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MATERIALS A..'ID METHODS 

Under aseptic conditions, spores of Pteridium aquilinum were washed 
with aerosol OT and then with a 15% solution of fresh Clorox bleach that 
contained 0.80% sodium hypochlorite. Spores were sterilized for 20 
seconds and then added to 50 ml of water. Spores were placed on either 
(a) Moore's medium with 0.9% agar or (b) sterile vermiculite with Moore's 
medium added in liquid form (Moore, 1903). Cultures were placed under 
lighted conditions (ZOO foot candles) at 20 C throughout the experiments 
(Waf, 1958). Table 1 gives a list of developmental events under con
trolled culture conditions. 

Effect on sperm.motility. To view the duration of sperm motility 
at various pH levels, spores were inoculated on Moore's medium with 
agar and allowed to grow for about 21 days. Sperm were obtained when 
prothalli were removed from culture flasks and lvere" placed in a small 
petri dish. Specific amounts of glass distilled water were added so 
antheridia would release sperm into the water. Maximum concentrations 
of sperm for experiments were obtained 12 minutes after water addition. 
After 12 minutes, citrate-phosphate buffer (Jensen, 1962) stock solu
tions were added to the water to obtain a specific buffered pH level 
(O.OlM). After the buffer st.ock solution was mixed with the water, 2 
or 3 drops of the buffered sperm suspension were placed in the center 
of a ring of methyl cellulose on a microscope sllde and covered with a 
cover slip. · -

Each sperm suspension was observed under phase contrast optics for 
2 minute intervals only, 2-4, 5-7, 9-11, and 13-15 minutes after addi
tion of buffer stock solution. All sperm observed in each 2 minute 
interval were scored as either motile or non-motile dependent upon the 
presence or absence of flagellar movements, respectively. The number 
of sperm counted in the two minute period varied from a minimum of 150 
to a maximum 250. The methyl cellulose only reduced the velocity of 
flagellar movement and sperm motility so that individual sperm were 
much more stationary. Because slides were moved frequently and rapidly 
distances of about 200 pm between views, the probability of scoring 
the same sperm twice was minimized during any two minute interval. The 
results are expressed as the percentage of total sperm that exhibited 
flagellar motility observed in a time period after exposure to test 
solutions. This parameter represents sperm motility in general terms. 

Fertilization experiments. To determine degree of fertilization 
at a single pH level, about 2 mm3 (~af, 1958) spores were inoculated 
onto sterile vermiculite with Moore's medium in liquid form. Petri 
dishes were reinoculated 6 days later with additional spores to insure 
an abundance of sperm at time of treatment. Twenty-eight days after 
the first inoculation, citrate-phosphate buffers of pH 2.2, 3.2, 4.2, 
5.2 and 5.8 (control buffer) were added to vermiculite medium in order 
to immerse gametophytes for 3.5 hours only. The buffer was then removed 
and a buffer of pH 5.8 was added to the dishes in the same manner. 
After several minutes, this control pH buffer was also removed. Dishes 
were then returned to culture conditions for a 14 day period after buffer 



.• 

\. 

treatments for development of sporophytes. Almost all fertilization 
was restricted to the 3.5 hour exposure to buffer solutions. Some 
cultures had no buffer treatments whatsoever. These cultures were used 
to measure the degree of spontaneous fertilization ~.;rhen no buffers were 
added. 

The acids, H2SOt,, HN03 and HClat anion concentrations of 43.3, 
86.6 and 173.2 pM were added to all buffer solutions. The acids were 
used to produce the anion levels. The amounts of acids added did not 
alter the pH of the buffers either initially or at the end of the 
buffer exposure period. 

RESULTS 

Under the experimental conditions used antheri~ia developed on 
most gametophytes 14 days after inoculation but live sperm were not 
present until day 19. On day 21 a maximum number of sperm were obtained 
in our experimental conditions. On this day only archegonial initials 
were present. Mature archegonia were present 28 days after inoculation 
(Evans and Bozzone, 1977). Because of this lack of synchronous matura
tion of male and female sexual organs on an individual prothallus we 
provided two inoculations, 6 days apart. In this manner prothalli from 
the first inoculation would be 28-days-old and have mature archegonia 

_while prothalli from the second inoculum would be 22-days-old and have 
mature ant~eridia. 

The effectiveness of single and double inoculations were rated by 
the number of cordate gametophytes with sporophytes (Table 1). Since 
about 90% of the gametophytes (Table 1) with apical notches from the 
first inoculation had mature archegonia (Evans and Bozzone, 1977), and 
about 50% of the gametophytes in the petri dishes resulted from the 
first inoculation, about 45 to 50% of the notched gametophytes present 
could be fertilized. Since about 52% of the notched gametophytes had 
sporophytes, most of the notched gametophytes from the first inoculation 
would be fertilized. 

If plants from the first and second inoculations were not present 
simultaneously then fertilization was reduced drastically. In the last 
column of Table 1, 43% of all gametophytes had sporophytes after two 
inoculations. However, if only 22-day-old plants were assayed, only 
9% had sporophytes. In addition, if only 28-day-old plants were present, 
then 19% of the gametophytes had sporophytes. In both single inoculation 
cases, low percentages of fertilization from both single inoculation 
systems are. added together, the resultant ·sum·, 28.2%; .. (19 .1% plus 9 .1%) 
is below the 43% which occurred when both inoculations were together. 
It should be mentioned that a slight increase in the proportion of 
prothalli with mature archegonia could have been present. However, 
this increased proportion in the combination-inoculum treatment was 
probably due to an excess of sperm from the second inoculum. These 
results suggest that the sperm contributed by the second inoculation 
might be instrumental in fertilizing cordate gametophytes of the 



first inoculum. This movement of sperm from gametophytes of the second 
inoculum of gametophytes of the first inoculum could occur because 
ample amounts of buffer were added. 

At pH 5.8, 66.5% of sperm were motile at 2-4 minutes, but the per
centage decreased rapidly at longer exposure times (Table 2). At pH 
5.6, only 46.1% of sperm were motile between 2-4 minutes. Motility was 
reduced at lower pH levels markedly. At pH 5.2, no motile sperm were 
observed 5 to 7 min after exposure while at pH 5.8 almost 50% of sperm 
were motile during this same time period. The lowered pH decreased 
longevity of motility most markedly. The maximum time that sperm 
remain motile at pH 5.8 (control pH) is about 15-17 min. Our results 
suggest that sperm have a finite duration of motility and that duration 
decreased after exposure to low pH buffers. 

... 
Experiments were performed to determine the inhibitory effects of 

various concentrations of sulfate ions on sperm motility, 2-4 minutes 
(Fig. 1) and 5-7 minutes (Fig. 2) after exposure. After a 2-4 minute 
exposure, addition of sulfate ions markedly depressed motility especially 
.at pH levels of 5.8 and 5.6 (Table 2). In general, addition of 43.3 pM 
sulfate decreased motility 35 to 45% at the 2-4 minute exposure time. 
At higher sulfate concentrations, the percent motile sperm decreased and 
was somewhat independent of pH level. If the re9ults are viewed in terms 
of decrease in pH with respect to pH 5.8 at all sulfate levels, motility 
was depressed more on a percentage basis at the lower sulfate concentra
tions (0 and 43.4 pM sulfate) compared with higher sulfate concentrations 
(86.6 pM and 173.2 pM). However, this differential response to pH at the 
various-sulfate levels becomes more equal at lower pH levels (Table 2). 

~~en sperm are exposed to buffer solutions for 5-7 minutes, the 
differential effects noted at the higher sulfate levels and lower pH 
levels are not as marked as at 2-4 minutes. No marked differences in 
motility occurred below pH 5.6 and the responses at 86.6 pM and 173.2 
pM sulfate concentrations were similar at all pH levels. The only sig
nificant difference occurred at pH 5.8 at lower sulfate concentrations. 
In general, as the duration of exposure to lower pH levels and higher 
sulfate concentrations increased, longevity of motility decreased. 

Since the acidity of rain in the northeastern United States may be 
coincident with an increase in nitrate and/or chloride concentrations, 
experiments were focused upon the response of sperm motility at 2-4 
minutes after addition of nitrate and chloride to buffers (Table 3). 
The anion concentrations of 43.3, 86.6 and 173.2 pM were chosen so a 
comparison could be made with the response to sulfate additions 
(Table 3). Percent sperm with flagellar movements was higher with 
addition of chloride compared with the more similar responses obtained 
when either sulfate or nitrate were present at pH 5.8. However, at pH 
4.8, the response to chloride was similar to that of nitrate. Motility 
may be more depressed with additions of sulfate than with additions of 
chloride or nitrate at pH 4.8 (Table 3). However, since sperm motility 
was very low at this pH level, tests of significance among the responses 
to the various anions were not performed. 
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Degree of fertilization was determined also. Two inoculations of 
spores were performed on the same substrate six days apart. Twenty
eight days after the first inoculation, prothalli of the first inoculum 
had mature archegonia. On the other hand, prothalli from the second 
inoculum were 22-days-old and yielded high levels of sperm as in the 
sperm motility tests above. Although sperm may be present on 28-day-old 
prothalli, the presence of younger gametophytes provided additional sperm. 

At 28 days, 43% of all prothalli possessed an apical notch (cordate) 
(Table 4). In addition, at least 86% of all cordate gametophytes at 
this age displayed mature archegonia. These data indicate that at least 
35-40% of all prothalli in a dish could produce sporophytes, since only 
cordate gametophytes may produce mature archegonia. 

The number of notched or cordate prothalli af~er six weeks remained 
constant among the treatments (Table 4). This constancy indicated the 
3.5 hour exposure to buffers had little effect on surviva~ of gameto
phytes. No visual injury or death occurred as a result of buffer treat
ments, even at pH 2.2. 

In contrast, however, marked differences occurred in the percentage 
of cordate prothalli with sporophytes. Dishes that received no buffer 
produced a. low percentage of gametophytes with sporophytes. This low 
percentage was subtracted from dishes to which buffers were applied. 
After correction, the response of fertilization to buffer treatment is 
apparent (Table 4). A decrease in pH below 5.8 results in a decrease in 
percent prothalli with sporophytes. The plot (Fig. 3) does not resemble 
the distribution found in Figure 1. The plot of Figure 3 was considered 
to be linear. 

The response of gametophyte fertilization to various sulfate con
centrations at various pH levels is shown in Table 5. At all pH levels 
used from 4.2 to 5.8, additions of sulfate produced a similar decrease 
in fertilization. At 43.3, 86.6 and 173.2 WM, the percent cordate game
tophytes with sporophytes averaged 86.5%, 74~0% and 61.5% of dishes with 
no sulfate added. In a s.imilar fashion, among the various sulfate con
centrations used, the effect of pH was consistent. At 5.2, 4.8 and 4.2, 
fertilization was 92.4%, 76.9% and 67.8% of that obtained at pH 5.8 
.{experimental control). 

At pH's 5.8 and 4.2, the effect of various anions on fertilization 
was measured. At both pH levels used, addition of chloride, nitrate, 
and sulfate produced similar reductions in fertilization at all anion 
concentrations observed (Table 6). No significant, consistent differ
ences were observed among the three anions. 

In a similar manner, the effects of two anions in combination were 
similar to the responses of twice the concentration of each anion indi
vidually (Table 6). For example, the average of the three co~bination 
treatments at 43.3 ~M (35.2, 32.3 and 31.1) is 32.9 which is similar to 
the average of values at 86.6 ~M, 31.5 (31.5, 30.1 and 32.8) (Table 6). 
The same comparison of the average of the three combination treatments· 



at 86.6 ~ (28.7) were similar to the average of single anions at 173.2 
~M (28.6)-(Table 6). These results suggest that the three anions, nitrate, 
chloride and sulfate have similar effects on fertilization singly or in 
combination at the pH levels tested. 

The above results suggest that sperm motility and fertilization 
are sensitive to acidic solutions and acidic solutions with anions added. 
However, it may be questioned if acidic solutions influence development 
of cordate gametophytes during prothallial growth. Spores were germi
nated and grown at pH 5.8 for 2 weeks and then treated with buffer at 
pH 2.2. The pH of the vermiculite was not readjusted and plants were 
examined for the percentage of cordate gametophytes two weeks after 
treatment. Under these conditions, 39.6 ± 0.6 (mean and standard error 
of the mean, respectively) of the total gametophytes were cordate. This 
mean was very close to the control value of 43.0% obtained previously 
(Evans and Bozzone, 1977) when no acidic buffer was ·added on day 28. 
These'results suggest that gametophyte development is not as sensitive 
as fertilization to acidic conditions in Pteridium aquilinum. 

When prothalli· were exposed to sulfate (86 ~M) at the same pH levels, 
a decrease in percent prothalli with sporophytes was apparent. Addition 
of sulfate did not affect gametophyte survival. However, fertilization 
decreased 50% throughout all pH levels examined with added sulfate. 

DISCUSSION 

Vegetative and sexual stages of fern gametophyte are differentially 
sensitive to buffers of various pH levels. Buffers of low ionic strength 
were used in these experiments to simulate exposure to acid rain. Buffers 
were preferred to simulated acid rain because buffers stabilized the pH 
for the 3.5 hours required. in the sporophyte experiments. 

Vegetative cells of gametophytes were relatively resistant to acidic 
conditions. No visual injury was observed when prothalli were exposed 
to pH 2.2 for 3.5 hours while single exposures of leaves of Ph.aseolus 
vuZgaris to simulated acid rain of pH 2.7 for 6-minutes produced lesions 
(Evans, Gmur, and DaCosta, 1977). In contrast, fertilization was sen
sitive to acidic conditions. Motility of sperm and fertilization decreased 
at pH levels below 5.8. 

When the responses of sperm motility and fertility are individually 
. plotted against hydrogen ion activity the graphs are not similar. The 
response of motility represents a normal distribution while fertility 
represents a linear distribution. A comparison of these two graphs 
suggests that an abundance of viable sperm are present at pH levels above 
5.2. 

Our results suggest that sperm motility may be a limiting factor in 
sporophyte production at low pH levels. Fertilization occurred at pH 
levels of 3.2 and 2.2 but'motility experiments showed sperm to be 



ir.:mobilized after a two minute exposure. Under these circumstances 
fertilization probably occurred promptly (within 2 minutes) after sperm 
release. 

In studies with procaryotic organisms~ ~otility seems to be greatest 
between pH 6.8 and 9.0 (Ogiuti, 1936; Shoes8ith~ 1960; Adler and Templeton~ 
1967). Shoesmith (1960) found a 50% decrease in flagellar velocity in 
Baci~lus brevis from pH 7.5 to 5.0. Hoeninger (1965) showed that a 
decrease in pH resulted in an increased forr:;ation of "curly" flagella,. 
(where the wavelength is half the normal value). Curly flagellae resulted 
in decreased motility. At pH 5.6 more than 80% of all flagellae were 
functional and motility appeared normal. However~ at 5.2 motility was 
limited to rotational movements only. Below pH 5.0 almost all motility 
ceased. 

The experimental results show that fern gametophytes repr~sent a 
plant developmental system that differentiates between the response of 
vegetative and reproductive portions of the life cycle. Fertilization 
in ferns is very sensitive to aqueous solutions applied to simulate 
exposure to acid rain. In contrast~ vegetative development of the pro
thallus is less sensitive. Results suggest that flagellae are the most 
sensitive structures of sperm of P. aquilinum that decreases fertiliza
tion •. Moreover, the results suggest that only limited fertilization 
could occur with ambient levels of hydrogen ions and sulfate concentra
tions in rain of the northeastern United States. 

Although assessments of environmental injury have been performed 
(Abrahamsen~ et al., 1916; Hiklander ~ 1973-1974; Beamish~ et al., 1975) 
and experiments have been performed to document injury to plants by 
simulated acid rai~ (Wood and Bormann~ 1974; Fairfax and Lepp,. 1975; 
Ferenbaugh, 1976; Shriner, 1976; Evans~ Gmur and Da Costa, 1977) no 
studies to date have been designed to investigate the ecological rela
tionships between organisms with this environmental stress~ In addition~ ·· 
many experiments with aquatic organisms indicate that acidity may result 
in a lower degree of species diversity in freshwater lakes of North 
America and Scandanavia (Wright, et al., 1976). One of the most impor
tant areas for research upon long-term changes in pH would be unicellular 
organisms. The experimental results of this paper indicate that ferti
lization may block completion of the life cycle by preferential injury 
to unicellular sperm cells. Since most of the organisms on earth are 
unicellular, and these organisms are necessary for almost all nutrient 
cycles~ close attention should be given to these organisms. 

The marked effect of buffered solutions on fertilization of P. 
aquilinum is similar to the influence that air pollutants exert on 
lichens. From experimental results of the effects of S02 on lichens in 
chambers of fixed environmental factors, surveys of lichen species in 
an area can be used as bioindicator of ambient air pollution levels 
when complex and/or expensive monitoring instrumentation is unavailable 
(Skye~ 1968; Leblanc and De Sloover, 1970, Rorntveldt, 1975). 
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Table 1. Effectiveness of First and Second Inoculations on Fertilization of Prothalli of P. aquiZinum 

Cordate gameto-
Cordate gametophytes phytes with sporo-

Inoculation 111 Inoculation 112 Buffer Treatment with sporophytes phytes (percent 
(day 0) (day 6) (day 28) (percent) above control) 

+E. + none 8.9 ± 2.9 

+ + pH 5.8, 3.5 hr. 51.7 ± 3.1 42.8 

+ none 12.2 ± 1.5 

+ pH 5.8, 3.5 hr. 31.3 ± 1.0 19.1 

+ none 13.3 ± 4.5 

+ pH 5.8, 3.5 hr. 22.4 ± 3.1 9.1 

a -plus - denotes inoculation was performed, negative - denotes inoculation was omitted 



Table 2. a Motility of sperm of P. aquiZinum after exposure to buffers-
(percent of total scored in each time period) 

Exposure Time (min) 

pH 2 - 4 5 - 7 8 - 10 

2.2 b 0 ± o£ d 

3.2 

4.2 

5.2 

5.6 

5.8 

a 

b 

c 

d 

0 ± 0 0 ± 0 
... 

2.2 ± 0.7 0 ± 0 

27.4 ± 3.9 0 ± 0 

46.1 ± 2.7 8.6 ± 1.9 0 

66.5 ± 4.8 48.7 ± 3.1 31.9 

See materials and methods section for details. 

Citrate-Phosphate (O.OlM) was used to maintain the 
appropriate buffer pH. · 

Each value represents. the mean and standard error of. the mean, 
respectively, for at least five experimental determinations 
for each of at least two experiments. 

Denotes that no experimental determinations were performed. 
At least 150 sperm were counted per trial. 

± 0 

± 3.8 



Table 3. Effect of chloride, nitrate, and sulfate concentrations in 
buffered solutions on sperm motilitya in Pteridivm aquiZinum 
2-4 minutes after exposure 

Percent sperm with flagellar movement 

Anion concentration (~M) 

b pH- 0 43.3 86.6 173.2 

chloride chloride chloride 
·nitrate nitrate nitrate 

sulfate sulfate sulfate _,. 

5.8 66.5 ± 4.8E- 44.6 ± 2.1 "36.0±1.7 30.0 ± 0.7 

39.1 ± 1.4 24.5 ± 1. 6 16.9 ± 0.8 

39.5 ± 3.5 29.3 ± 2.6 20.6 ± 1.7 

4.8 22.4 ± 1.8 18.1 ± 1.2 12.7 ± 1.0 9.3 ± 0.8 

17.2 ± 1.3 13.3 ± 2.3 9.1 ± 1.2 

12.3 ± 1.0 7.3 ± 1.8 6.3 ± 1.1 

·- a 
Percent sperm with fla~ellar movements 

b pH of citrate-phosphate buffer at O.OIM 

c Values represent mean and standard error of the mean, respectively. 
Experiments were performed three times and are comparable to 
previous results (Evans and Bozzone, 1977). 



Table 4. ; Response of vegetative and sexual stages of 
gametophytes of P. aquiZinwn to buffered solutions: 

Buffer Cordate Cordate Cordate ·cordate 
Solution gametophytes gametophytes gametophytes gametophytes 
pH - 4 tveeks - - 6 weeks - with sporophytes with sporophytes 

(percent)~ · b c (percent)- (percent)- (percent above no buffer 
treatment)d 

no buffer 
l.sf addede '•3 .o ± 50.7 ± 2.8 8.9 ± 2.9 0 

2.2 II 41.8 ;!: 4.2 13.1 ± 5.9 4.2 

3.2 II 48.9 ± 2.4 30.0 ± 7.2 21.1 

4.2 II 45.7 ± 4.5 33.0 ± 5~5 24.1 

5.2 II 54.5 ± 6.4 47.6 ± 7.2 38.7 

5.8 (control) II 46.6 ± 1.5 51.7 ± 3.1 42.8 

a Percentage of cordate prothalli per total prothalli measured before exposure to buffers 
in each treatment. 

b Percentages of cordate prothalli of the total prothalli scored. 
c Cordate gametophytes with developed sporophytes as a total of all prothalli scored. 
d Cordate gametophytes with developed sporophytes as a total of all prothalli scored. Dishes that 

received no buffer produced a low percentage of gametophytes with sporophytes. See footnote e. 
Values are expressed as percent above no buffer added dishes. 

e 

f 

Dishes were not exposed to any buffers. 
medium only. 

Sporophytes were produced spontaneously by the nutrient 

Values represent mean and standard error of the mean of at least five dishes per treatment. 
least 300 plants were scored per dish. The experiment was performed three times. 

At 



Table 5. Effect of various concentrations of sulfate 
ions on fertilization of PtePidium aquiZinum at various pH levels ~ 

Sulfate c pH- 0 43.3 
concentration {~M}D 

86.6 173.2 

5.8 50.3 ± o.# 44.5 ± 0.86 38.4 ± 3.2 31.3 ± 1.6 
-88 .4!. -76.3- -62.2-

5.2 46.5 ± 2.9 39.8 ± 1.1 34.8 ± 0.9 30.3 ± .0.5 . 
(92 .4)~ . (89.4) (90. 6) (96.8) 

. -85.6- -74.8- -65.2-

4.8 38.7 ± 1.0 31.7 ± 0.2 28.3 ± 1.1 25.4 ± 0.3 
(76.9) (71. 2) (73.7) (81. 2) 

-81.9 -73.1- -65.6-

4.2 34.1 ± 0.5 30.7 ± 0.9 24.4 ± 1.6 18.0 ± 1.0 

a 

b 

c 

d 

e 

f 

(67.8) (69.0) (63.5) (57. 5) 
-90.0- -71.6- . -52.8-

Cordate gametophytes with sporophytes as a percentage of all cordate gametophytes. 

Concentration of sulfate added as sulfuric acid to buffers of various pH levels •. The pH of the 
buffer was not altered during the 3.5 hr exposure• to the buffers at·. all sulfate levels. The sulfate 
concentration of 43.3 is equivalent to the concentration of sulfate in rain of New York (see 
discussion). 

The pH was maintained with O.OlM citrate-phosphate buffer. 

Values represent mean and standard error of the mean of at least 4 dishes per treatment. At least 
400 prothalli per dish were scored. The experiment was performed twice and gave values comparable 
with previous results (Evans and Bozzone, 1977). 

Values surrounded by parentheses represent the percent cordate garnetophytes with sporophytes within 
each sulfate level compared with pH 5.8 (control). 

Values within dashes represent the percent cordate gametophytes with sporophytes within each pH 
level compared with the no sulfate controls. 



· Table 6. Effect of chloride, nitrate, and sulfate in buffered 
solutions on the percent cordate gametophytes with 
sporophytes in Pteridium aquiZinum.a 

pH 

5.8 48.4 

4.2 32.2 

\ 

Cordate gametophytes with sporophytes as a percent 
· of all cordate gametophytes 

Anion concentration (uM) 

0 b 43.3- 86.6 173.2 

chloride chloride chloride 
nitrate nitrate nitrate 
.. sulfate sulfate \ sulfate 

± 2.3 38.3 ± 0.6 31.5 ± 1.9 30.8 ± 2.7 

36.3 ± 0.8 30.1 ± 1.2 25.3 ± 2.8 

40.0 ± 3.7 32.8 ± 5.5 29.7 ± 1.1 

I 

± 1.6 29.0 ± 0.6 25.2 ± 1.1 19.4 ± 1.8 

26.7 ± 0.9 23.5 ± 1.1 17.1 ± 1. 9 

32.7 ± 1.8 27.1 ± 1.0 20.3 ± 1.7 

No buffer 
added 8.3 ± 0.7 

·a 

·b 

Gametophytes were exposed to buffered solutions with either HCl, 
HN0

3 
or H2so4 • 

Values represent mean and standard error of the mean of at least 
5 dishes per treatment. At least 300 plants were scored per dish. 
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Fig. 1. Sperm with flagellar movement after exposure to buffers 
of various pH levels for 2-4 minutes~ Sperm motility 
values represent percent sperm with movement of the 
total observed in the two minute period. Sulfuric acid 
was added to make the sulfate concentration 86 ~M. Each 
point represents a mean and standard error of the mean, 
respectively of at least five determinations per experiment. 
Experiment was repeated three times. 
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Fig. 2. Sperm with flagellar movement with time of eXposure at 
various pH levels. Sperm movement values represent percent 
sperm with movement ·of'the total observed in the two minute 
period. On the graph the values are placed in the middle 
of the two minute period observed. For example, the 2-4 
minute exposure is graphed at three minutes. · Sulfuric acid 
was added to make the sulfate concentration of 86 ~M. Each 
point represents a mean and standard error of the mean of 
at least five determinations per treatment. 
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Fig. 3. Gametophytes with sporophytes (percent of total gametophytes) 
after exposure to the pH levels indicated for 3.5 hours. · 
Sulfuric acid was added to make the sulfate concentration 
86 pM. Each point represents data values shown in the last 
colu~n of Table 4. The values represent percent cordate 
prothalli bearing sporophytes as a percent ~bove dishes 
in which no buffers were added. 




